Abstract -By using a series of dyes chosen to vary systemat1cally in either the lowest vacant.or highest filled electronic level, it has been found possible to determine photographic thresholds for a number of photoelectronic or photohole induced processes in silver halide systems. The use of this relatively new technique is described which may have broader use in other chemical or photochemical reactions involving either electron or hole transfer acts.
IN.TRODUCTION
Although it is now more than 100 years since the discovery of spectral sensitization by Vogel in 1873, it is only relatively recently that a mechanistic understanding of the phenomena has progressed to the point that useful predictions may be·made about the sensitizing or desensitizirig properties of dyes. The fact that photography has enjoyed the progress and success it has achieved to date is a tribute to the triumph of empiricism that is a necessity of many commercial enterprises. In the rush to obtain new products and improvements in photography, many times the reason for the success is overlooked. Photographie science has matured considerably over the years and is now at a state where empirical triumphs are less easy to obtain and new technology is being based on a better understanding of the basic mechanisms which now can be better identified.
One of the tools now being used extensively in the field of photographic science which might have wide photochemical ·application is the use of a series of dyes which vary systematically in either the lowest vacant electronic level of the dye as determined·by its polarographic reduction potential or its highest filled electronic level as determined by its oxidation potential. It is the object of this paper to review the use of this relatively new technique and describe examples illustrating how it has been applied in the field of spectral sensitization.
SUPERSENSITIZATION
One of the main goals of silver halide research is to design photographic systems that are as efficient as possible in their utilization of light to create a developable latent image that ultimately yields the photographic image. As recently reviewed, (Ref. 1) it was recognized fairly early that in the spectral sensitization of silver halide emulsions, increased photographic response could be obtained by mixing two dyes tagether to obtain an improvement greater than the sum of the improvements obtained with either dye alone. This phenomenon was described as supersensitization in 1937 by Mees (Ref. 2) in a series of u.s. Patents. Although supersensitization was recognized tobe photographically useful even in the late 1800's and was investigated extensively in the 1930's, it was not until 1947 that. any theoretical study was reported (Ref. 3) to explain the mechanism of the effect.
In 1968, it was recognized that the anodic oxidation potential of the supersensitizer must be less positive than that of the dye it supersensitizes (Ref o 4) o A useful tool in the investigation of the mechanism of supersensitization has been the use of a series of dyes that vary systematically in oxidation potential so that the critical potential for supersensitization may be obtained. Figu~e 1 shows the results from such a series used to supersensitize the J-aggregate of 1,.1'-diethyl-2,2'-cyanine. The dyes with OXidation potentiale more positive than +0.88 V are ineffective, Whereas dyes with oxidation potentials less positive than +0.88 v are increasingly effective as supersensitizers, as the Oxidation potential decreases.
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The sharp improvement in spectral sensitizing efficiency obtained from supersensitizers at the threshold potential of +0.88 v suggests that this value may correspond to the effective oxidation potential of this particular J-aggregate. The technique of systematically varying the Oxidation potential of a series of supersensitizers to determine the threshold for supersensitization thus provides an effective method for estimating the groundstate level of a J-aggregate, which is not yet possible to measure directly by electrochemical means.
PHOTOHOLE FORMATION
One of the most fundamental problems in the spectral sensitization of silver halide is an adequate explanation of the difference in energy between that required for latent-irnage formation in the intrinsic region of absorption of the silver halide and that required in the spectrally sensitized green, red, and infrared regions of the spectrum. Essentially, the question is: How can a spectral sen$itizing dye absorbing in the green, red, or infrared region of the spectrum do a job that normal~y requires much more energy than is available from the excitation of the adsorbed dye? , 17, 235 (1973) .
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This energy problern is depicted in Fig. 2 for two extreme examples of possible sensitizing dyes with less energy available from excitation than necessary to match the energy requirements for band-gap excitation of silver halide. If it is possible for a dye to inject an electron directly into the conduction band of silver halide, the consequence must be a trapped hole with less energy than a valence-band hole. Conversely, if an excited dye can inject a hole directly into the valence band of the silver halide with less energy than the silver halide band gap, the consequence must be that the excited electron has less energy than required for a direct conduction band electron.
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In an attempt to locate the energetic level associated with the spectral sensitization of photoholes energetic enough to enter the valence barid, a series of dyes varying systematically in their oxidation potentials were coated on an internally fogged emulsion with and without an electron trap- to spectrally sensitize conduction or valence band events are relatively unaffected. The effect of changes in pAg thus seem primarily influential in affecting the electrochemical reduction and oxidation of silver by excitation energies that are insufficient to accomplish conduction or valence band events directly.
PHOTOELECTRON THRESHOLDS
Although the study on photohole forrnation (Ref. 5) did include data on photoelectron production, the dye series was not specifically designed to detail this information and results were obtained only on an AgBri emulsion. Subsequent studies (Ref. 6) using a series of dyes systematically varying in reduction potential were coated on AgBr, AgCl and Agi emulsions. A comparison of the thresholds for spectral sensitization of AgBr and AgCl at pAg = 8.0 are shown in Fig. 8 . These results agree with Vanassche (Ref. 7) who first reported such a comparison. However, a more comprehensive study of the effect of pAg showed that the threshold for spectral sensitization of AgBr and AgCl occurred at the same point at sufficiently low pAg's. This is showrt in Figs. 9 and 10, using the same dye series as shown in Fig. 8 . These results show that dyes with reduction potantials more positive than -0.80 v do not recover their spectral sensitizing properties at pAg's as low as 4.0, even though blue desensitization may be considerably decreased.
The photographically limiting threshold for photoelectron production under room-air conditions has been found to occur at the same potential for all of the silver halides with the major dividing line occuring for dyes with reduction potantials less negative than -0.86 v.
PHOTOCONDUCTIVITY THRESHOLD
Because the photographic results record the integrated consequence of photoelectron, photohole and silver ion interactions, experiments were also perforrned to examine the photoconductive response of dyed emulsion samples (Ref. 5) , dyes adsorbed to silver halide may also spectrally sensitize the intrinsic luminescence of AgBri emulsion grains. In a study (Ref. 8) of the behavior of several series of sensitizing dyes, varying systematically in reduction or oxidation potential adsorbed to a 0.8-~ silver bromoiodide emulsion, it was found that the energy levels that limit the spectral sensitization of the photographic processes also tend to limit the spectrally sensitized luminescence. Examples of the dependence of the spectrally sensitized AgBri luminescence as a function of dye reduction and oxidation potential are shown in Fig. 13 & 14 . The corresponding photographic results obtained from exposures made at room-and liquid-nitragen temperatures are shown in Fig. 15 & 16 .
The most significant thresholds for the onset of the most intense spectrally sensitized luminescence thus appear to be at E = +1.0 v and ER 0 = -1.05 v.
Although these thresholds are most important fg~ the onset of in~ense luminescence, detectable sensitized luminesc.ence was obtained with dyes with less positive Eox values and less negative ERED values. Since the sensitized luminescence requires the injection of both an electron and a hole comparable in energy to those produced by excitation in the intrinsic region of absorption by the silver halide, sev'ere energy restrictions are imposed on the type of dye that can spectrally sensitize this process. A model, which has been proposed (Ref. 8) to explain the apparent energy discrepancy between excitation and emission, is based on the concept that dyes adsorbed to silver halide may exhibit a distribution of ground and excited levels. such an energy distribution model has been proposed by Sturmer et al. (Ref. 9 & 10) and by Nelson (Ref. 11) and is shown schematically in FTg:-17. Since the excitation energy for the molecules would remain the same, the distribution of states would not be observed in the absorption spectrum. Independent excitation of two dye molecules, one having a high enough excited level (ELv> to inject electrons into the silver halide and the other having a highest occupied level EHo at an energy sufficient to transfer a hole to I-would overcome the energy deficiency. The shape of the probability distribution of dye levels is only meant to be conceptual rather than a proposal of a quantitative distribution. In terms of this model, dye levels that previously have been depicted as single-valued would, in fact, represent average values. ----l;: , ~ < ) In an attempt to obtain an answer to this basic question of whether a conduction band event is involved in the spectral sensitization by dyes with reduction potentials less negative than -1.0 v, a series of dyes varying systematically in reduction potential were coated an two separately prepared silver halide emulsions (Ref. 14) . The firstemulsionwas prepared by conventional means and surface sensitized with sulfur and gold according to standard techniques. The second emulsion was first precipitated, chemically sensitized with sulfur and gold then covered by the core/shell technique described by Moisar (Ref. 15 & 16) and Junkers, Klein and Moisar (Ref. 17) .
The most significant results from this study are summarized in Fig. 19 & 20 in which the photographic effect of exposure in room air and vacuum for the surface sensitized emulsion is compared with the internally sensitized emulsion exposed in vacuum. Figures 19 & 20 differ only in exposure time (1/25 sec. for Fig. 19 ; 10 sec. for Fig. 20) . Figure 18 shows that the vacuum treatment did not result in the removal of desensitization which is easily obtained with finer grain emulsion systems (Ref. 18) . However, as shown in Fig. 20 , considerable difference exists between the room-air and vacuum-exposed coatings at higher exposure levels. When the surface sensitized emulsion i,s exposed in room air there is a definite threshold for spectral sensitization and desensitization which is independent of exposure time. This threshold occurs between the dyes with the reduction potentials -1.00 and -0.79 v. When the same coatings are exposed in vacuum at 10 sec. exposure times (Fig. 20) , a very dramatic recovery is obtained. A serious point in question is whether this recovery observed in vacuum for strong desensitizing dyes is the result of a conduction or sub-conduction band event. Same insight into this basic question comes from observing the results of this same series of dyes on an internally sensitized emulsion. When the coatings of the internally sensitized emulsion were exposed in room-air and surface-developed, no image was observed for any of the coatings, even for 10 sec. exposures.
A possible explanation why the spectral sensitizers with reduction potentials more negative than -0.80 v did not sensitize any surface response of the internally sensitized emulsion is because the dye, upon excitation, injected an electron directly into the conduction band of the silver bromide; the electrons were thus able to sample the internal chemical sensitization and were trapped inside the silver bromide grains. Interna! development of the coatings with the dyes having reduction pOtentials more negative than -0.80 v shows spectral sensitization equivalent to the surface response of the surface sensitized emulsion (Ref. 14) . The desensitizing dyes with reduction potentials less negative than -0.80 v produced no image an the surface .for room-air exposures and very little in~ernally because of their recognized very strong oxygen dependence, even for .the silver bromide grains with strong surface chemical sensitization.
When the internally sensitized emulsion was exposed in vacuum for 10 sec. (Fig. 20) a new photographic threshold was observed, which was symmetrical to the ones previously observed. All of the dyes with reduction potentials more negative than -0.80 v still shoWed no surface latent image from a vacuum exposure since 100% of the latent image was internal, but the dyes with reduction potentials less negative than -0.80 v showed a very strong surface image, which represented more than 90% of the total latent image for most of these dyes.
This threshold for the onset of surface image in vacuum appears to be identical to the threshold for the desensitization observed for exposures in room air. These thresholds, established by two different photographic experiments, are believed related to the energy level for the conduction band of silver bromide. Energy levels of dyes which are below the conduction band of the silver halide thus would be expected to compete with latent-irnage formation in room air since the dye is only a transient electron trap prior to a reaction with oxygen to form 02 (Ref. 16) . However, in the absence of oxygen, an electron trapped at a dye molecule may be neutralized by a surface silver ion and lead to latent-irnage formation without ever entering the conduction band of the silver halide. Although this effect is similar to the Capri blue effect (Ref. 19 & 20) in which low levels of desensitizing dyes may chemically sensitize the intrinsic response of the silver halide, it is believed different because of the strong spectral sensitization response. The effect of vacuum on spectral sensitizers that desensitize in room air is thus proposed to be one of preventing the electron loss process in oxygen and allowing the silver ion neutralization of an electron trapped at a dye molecule from either a conduction band event from exposure in the intrinsic silver halide region of absorption or from exposure of dye molecules which are energetically deficient at putting electrons directly into the conduction band of the silver halide. Although this process is efficient for fine-grain emulsions, it seems considerably less efficient for the large-grain emulsions studied here. The reason for this loss in efficiency may be related to the relative surface area of the grains and the decreased availability of silver ions to neutralize electrons trapped at the surface of the large emulsion grains.
SUMMARY
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It now seems that the ability to predict tbe _spectral sensitizing behavior of a wide variety of photographic phenomena rests fi~ly on an understanding of where the energy levels of the dyes lie with respect to tbe enetgy levels of the substrate being sensitized.
By running systematic series of dyes varying in either the lowest vacant or highest filled energy level, it now seems possible to locate effective photographic thresholds for any phenomena of interest.
As shown by the above examples, this new experimental tool has proven quite effective at elucidating the mechanism of the photochemistry involved in the spectral sensitization of silver halide. Perhaps the future will show that this tool may also be helpful at determining chemical or photochemical thresholds in other systems in which an electron transfer act is involved in the reaction of interest.
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